Susceptibility of Bacillus anthracis to Gamma and Cherry bacteriophage by Fulmer, Preston A
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2003
Susceptibility of Bacillus anthracis to Gamma and
Cherry bacteriophage
Preston A. Fulmer
Louisiana State University and Agricultural and Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Veterinary Pathology and Pathobiology Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Fulmer, Preston A., "Susceptibility of Bacillus anthracis to Gamma and Cherry bacteriophage" (2003). LSU Master's Theses. 1100.
https://digitalcommons.lsu.edu/gradschool_theses/1100
 
 
 
 
 
 
 
 
SUSCEPTIBILITY OF BACILLUS ANTHRACIS TO GAMMA 
AND CHERRY BACTERIOPHAGE 
 
 
 
 
A Thesis  
 
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in Partial Fulfillment of the 
Requirements for the Degree of 
Master of Science 
 
in 
 
Veterinary Medical Science 
Through the 
The Department of Pathobiological Sciences 
 
 
 
 
 
 
 
 
 
 
 
 
By 
Preston A. Fulmer 
B.S., University of Arkansas, 2000 
May 2003 
ACKNOWLEDEMENTS 
 
Dr. Martin Hugh-Jones 
 
Dr. James Miller 
 
Dr. Richard Corstvet 
 
Dr. Pamala Coker 
 
Dr. Kimothy Smith 
 
Dr. William Henk 
 
Dr. Amanda Fulmer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ii
TABLE OF CONTENTS 
 
 
Acknowledgements………………………………………………………………………………..ii 
 
List of Tables……………………………………………………………………………………...v 
 
List of Figures…………………………………………………………………………………….vi 
 
Abstract…………………………………………………………………………………..............vii 
 
Chapter 1 
 Introduction………………………………………………………………………………..1 
 
Chapter 2 
 Genotype Results 
Introduction…………….………………………………………………………….2 
  Literature Review………………………………………………………………….2 
  Materials and Methods…………………………………………………………….8 
   Phage Propagation………………………………………………………...8 
   Phage DNA Isolation……………………………………………………...9 
   Isolate Testing…..………………………………………………………..10 
    Phage Susceptibility……………………………………………...10 
    Penicillin Susceptibility………………………………………….11 
   Electron Microscopy……………………………………………………..11 
  Results……………………………………………………………………………11 
   Phage Susceptibility of the Set of 89 Genotypes………………………...11 
   Penicillin Susceptibility of the Set of 89 Genotypes…………………….12 
   Isolate Origin…………………………………………………………….12 
   Comparison of Phages…………………………………………………...14 
  Discussion………………………………………………………………………..15 
 
Chapter 3 
 Set Results 
  Introduction………………………………………………………………………17 
  Materials and Methods…………………………………………………………...17 
Phage Resistance…………………………………………………………………17 
  Isolate Origin…………………………………………………………………….18 
Discussion………………………………………………………………………..21 
  
Chapter 4 
 Conclusions and Further Study…………………………………………………………..22 
 
References………………………………………………………………………………………..23 
 
 
 iii
Appendix A 
Genotype Results…...……………………………………………………………………25 
 
Appendix B 
Entire Set Results..……………….………………………………………………………27 
 
Vita……………………………………………………………………………………………….39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv
LIST OF TABLES 
 
 
1. Summary of Susceptible and Resistant Genotypes………………………………………11 
 
2. Summary of Penicillin Resistance for the 89 Genotypes………………………………...12 
 
3. Origin of Resistant Genotypes…………………………………………………………...13 
 
4. Differentially Resistant Genotypes………………………………………………………14 
 
5. Summary of Resistance Results for the Entire Set……...……………………………….17 
 
6. Origin of Resistant Isolates for the Entire Set of Tested Isolates..………………………18 
7. Regional resistance to γ and Cherry bacteriophage……………………………………...20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v
LIST OF FIGURES 
 
 
1. Plate Setup for Testing of the 89 Genotypes…………………………………………….10 
 
2. Worldwide Distribution of Resistant Genotype Origin………………………………….13 
 
3a. EM of γ phage……………………………………………………………………………14 
 
3b. EM of Cherry phage……………………………………………………………………...14 
 
4.  Worldwide Distribution of Archive Resistant Isolates…………………………………..20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi
 vii
ABSTRACT 
 
 
 Bacillus anthracis is a bacterium that causes severe disease mainly in ruminants, but can 
affect any mammal, including humans.  A popular method for the detection of this organism is 
susceptibility of the bacterial isolate to γ bacteriophage.  However, to date no study on the 
resistance of a wide variety of B. anthracis isolates has been conducted.  The following study 
examines the rate of resistance of a wide range of B. anthracis isolates to γ phage as well as 
another phage specific for B. anthracis known as Cherry phage.  We also compared 
susceptibility to phage with another detection method, susceptibility to penicillin, to determine 
any association between the two.  The origin of the resistant isolates was examined to determine 
associations between resistance and isolate origin.  Finally, the gross structure and resistant rates 
of the two phages were compared to determine any relation between the two viruses.  We found 
that B. anthracis showed 20% resistance to γ phage, which we propose is too high to continue its 
use as a reliable diagnostic tool.  No association was found between resistance to penicillin and 
resistance to phage.  No association was found between isolate origin and resistance.  No 
conclusions could be drawn as to the relationship between the two phages. 
 
 
 
 
 
 CHAPTER 1 
 
INTRODUCTION 
 
Bacillus anthracis is a bacterium that causes severe disease mainly in ruminants, but can 
affect any mammal, including humans.  A popular method for the detection of this organism is 
susceptibility of the bacterial isolate to Gamma bacteriophage.  Currently there are two 
bacteriophages specific for B. anthracis at Louisiana State University:  Gamma phage and 
Cherry phage.  Susceptibility to Gamma phage is a recommended identification method for B. 
anthracis19.  There are many B. anthracis isolates available for testing.  These isolates have been 
grouped into 89 genotypes.  This thesis examines the rate of resistance of a wide range of B. 
anthracis isolates to Gamma phage as well as another phage specific for B. anthracis known as 
Cherry phage.  We also compared susceptibility to phage with another detection method, 
susceptibility to penicillin, to determine any association between resistance to bacteriophage and 
resistance to penicillin.  The origin of the resistant isolates was examined to determine 
association between resistance and isolate origin.  Finally, the gross structure and resistant rates 
of the two phages were compared to determine any relation between the two viruses.  The 
hypotheses of this thesis are:  there will be resistance among the tested B. anthracis isolates to 
bacteriophage, there will be an association between resistance to bacteriophage and resistance to 
penicillin, and there will be an association between isolate origin and resistance to bacteriophage. 
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 CHAPTER 2 
 
GENOTYPE RESULTS 
 
INTRODUCTION  
 
Bacillus anthracis is a bacterium that causes severe disease mainly in ruminants, but can 
affect any mammal, including humans.  A popular method for the detection of this organism is 
susceptibility of the bacterial isolate to Gamma bacteriophage.   This study examines the rate of 
resistance of a wide range of B. anthracis isolates to Gamma phage as well as another phage 
specific for B. anthracis known as Cherry phage.  We also compared susceptibility to phage with 
another detection method, susceptibility to penicillin, to determine any association between the 
two.  The origin of the resistant isolates was examined to determine any association between 
bacteriophage resistance and isolate origin.  Finally, the gross structure and number of isolates 
differentially resistant to the two phages were compared to determine any relation between the 
two viruses.  89 genetically diverse isolates were used as determined by multiple locus variable 
number tandem repeat analysis (MLVA).  We suggest that when the phage is tested over isolates 
from all 89 genotypes7, there will be resistant isolates, and that the number of resistant isolates 
will be too high to continue the use of bacteriophage as a reliable diagnostic tool.  We also 
hypothesize that Gamma phage is a separate and distinct virus from Cherry phage.  This will be 
determined by comparing the resistance rates of the two viruses as well as transmission electron 
micrographs of the two viruses. 
LITERATURE REVIEW 
Bacillus anthracis is a Gram-positive rod-shaped bacterium.  It possesses a 
polysaccharide capsule in its vegetative state, which is necessary for virulence.  The bacterium is 
capable of forming an endospore in conditions that are unfavorable for its growth19.  This spore 
form is very resistant to a variety of environmental conditions, including extreme temperature, 
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 extreme pH, desiccation, and UV radiation19.  If conditions once again become favorable for 
growth of the vegetative form of the bacteria, the spore will germinate and begin to grow and 
divide normally19.   
 B. anthracis causes a disease commonly referred to as anthrax.  Due to the resilience of 
the endospore form of the organism, it is most commonly the form that is the initial cause of 
disease19.  B. anthracis can cause three types of infections:  cutaneous, gastrointestinal, and 
inhalational.  The most common and least dangerous type is cutaneous infection.  This occurs 
when the organism invades the skin, usually via a cut or abrasion.  With treatment, this form has 
a mortality rate of less than 1%19.  The second form is the gastrointestinal form.  This form is 
often seen in carnivores as it is contacted through eating infected meat or drinking contaminated 
water.  The third and most dangerous form of the disease is inhalation anthrax.  This form of the 
disease is contracted through the inhalation of B. anthracis spores.  In this form the spores 
germinate and the bacteria subsequently colonize the mediastinal lymph nodes of the animal19.  It 
may then spread to the meninges or other organ systems.  This form is almost invariably fatal, 
with a near 100% mortality rate if not treated within 24-48 hours of contact19.  Anthrax is most 
often seen in ruminants; however, the bacteria can infect many other species, including humans.  
Nearly all human infections occur through direct or indirect contact with infected animals19.  
While it is true that most human infections are due to contact with infected animals, there are 
other means by which humans may become infected, the most notable of which, especially 
recently, is bioterrorism.  The endospore form of B. anthracis has been developed as a biological 
weapon for many years19.  This form of the organism makes an ideal weapon for several reasons:  
its resilience and longevity in the environment, the ease by which it is spread through the air, and 
the high mortality rate that occurs as a result of contact with the organism.  Its ease of use as a 
biological weapon was recently demonstrated during the anthrax attacks which occurred in 
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 September and October of 2001 in which anthrax spores were sent in envelopes through the mail.  
These attacks led to 22 infections and five deaths from inhalation anthrax. 
 The pathogenesis of B. anthracis is regulated by two plasmids found in the organism: 
pXO1 and pXO2.  pX01 encodes three toxins that are responsible for the majority of pathology 
caused by B. anthracis, designated Protective Antigen (PA), Lethal Factor (LF), and Edema 
Factor (EF)19.  Protective Antigen derives its name from the fact that it is the major, and thus 
“protective” component of the human anthrax vaccine.  In the disease process, PA binds to a 
receptor on the cell surface and then is cleaved by a host protease.  This cleavage exposes a 
receptor on the PA, which causes a competition between LF and EF for the receptor.  Once 
bound, the PA-LF/EF complex is internalized and the LF/EF is released into the cytosol of the 
cell.  EF causes the production of abnormal amounts of cyclic-AMP (cAMP), which in turn 
causes the leakage of water and ions from the affected cell19.  This causes edema and is the 
source for the factor’s name.  LF is an aminopeptidase that cleaves a protein kinase involved in a 
pathway responsible for regulating cell growth, thereby causing a disruption of the pathway.  
However, the exact mechanism of the pathway disruption is not fully understood at this time.  
This leads to the death of the cell, thus the name “lethal factor”.  It is known, at least in tissue 
culture models, that a major target for LF is macrophages.  When LF affects macrophages, they 
release large amounts of the pro-inflammatory cytokines tumor necrosis factor alpha (TNF-α) 
and interleukin-1 (IL-1)19.  A major cause of death due to B. anthracis infection is thought to be 
a shock-type mechanism due to the release of large amounts of these cytokines19.  The pXO2 
plasmid contributes to pathogenicity by encoding for a poly-D-glutamic acid capsule necessary 
for the organism’s pathogenesis.  The capsule’s role is primarily to serve as protection from 
phagocytosis by the host immune system19. 
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 B. anthracis is an extremely genetically homogenous pathogen.  This makes 
distinguishing between separate strains extremely difficult.  Recently, a technique was developed 
to aid in this process.  Multiple-Locus Variable-Number Tandem Repeat analysis (MLVA) uses 
8 different loci (6 genomic loci and one on each of the plasmids pXO1 and pXO2) to 
differentiate between isolates7.  This process determines the number of tandem repeats at each of 
these loci and uses that information to separate isolates into distinct genotypes.  The original 
study used 426 isolates and separated them into 89 distinct genotypes7.   
Several bacteriophages that are known to lyse B. anthracis have been described.  W 
phage was known as early as 19551,2,11.  A phage known as AP-50 was isolated from B. cereus 
and found to lyse B. anthracis14,13,15.  There is little detailed information regarding AP-50 and W 
phage.  Most of the work was done in the 1950’s and 1960’s and thus there was little molecular 
work done.  The phages are similar in shape having an icosahedral head and long tail14.  Another 
bacteriophage that lysed B. anthracis, known as Gamma phage, was first described in 19551.  
The phage was tested against 41 isolates of B. anthracis acquired from health labs from various 
states.  It was also tested against 223 isolates from several other members of the Bacillus family, 
including B. cereus, B. subtilis, and B. megatarium.  In the study, Gamma phage was found to 
lyse all 41 of the B. anthracis isolates.  However, the phage lysed none of the isolates belonging 
to the other Bacillus species.  Due to these results, susceptibility to Gamma phage was proposed 
as a method to identify B. anthracis1.  Gamma phage, along with W phage, was also shown to 
induce motility and capsule production in non-motile unencapsulated B. anthracis strains2.  
However, the mechanism for this induction is not known. 
 No further work was done with Gamma phage until the mid to late seventies when a 
group of researchers at Mie University School of Medicine in Japan published a series of papers 
that further described the molecular structure of the bacteriophage21,22.  In 1975, the structure of 
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 the virion was determined by negative staining and electron microscopy.  The phage was found 
to have an icosahedral head and a long, non-sheathed tail.  The head was 52nm wide, and the tail 
was 185 nm long with a width of 9.5 nm22.  At this time, the phage particle was found to consist 
of 10 separate proteins, four of which were found to be structural proteins from the icosahedral 
head22.  Another study by the same group found that the receptor site for Gamma phage 
attachment to the cell was a combination of D-glucosamine and L-diaminopimelic acid.  This 
was done by incubating Gamma phage with various cell wall fractionations and determining 
which inhibited cell wall attachment.  The exact components of these fractionations were 
determined by paper chromatography, and the components were each incubated separately with 
Gamma phage21. 
 Due to the ability of Gamma phage to lyse B. anthracis, recent studies have attempted to 
determine whether or not the phage contains a protein which could be of some therapeutic use in 
B. anthracis infections.  One such study focused on a protein known as Phage lysine Gamma, or 
Ply G.  The gene that encodes this protein contains a 702 base pair open reading frame (ORF) 
that is homologous to N-acetylmuramoyl-L-alanine amidases, which is a class of phage lysins16.  
These lysins are known to hydrolyze the covalently bound cross-links present between the 
subunits of peptidoglycan, which are necessary to maintain the structural stability of the cell 
wall.  Purified Ply G was shown to lyse B. anthracis in vitro.  To determine the presence of any 
therapeutic effect, Ply G was given to mice that were given a lethal dose of B. anthracis 
intraperitoneally.  The Ply G was administered 15 minutes after the B. anthracis.  Control 
animals died within 5 hours. However, of the mice given Ply G, 68% fully recovered, with the 
remainder surviving for 6-21 hours16.  Mutagenesis studies were then conducted to determine the 
likelihood that resistance to Ply G would develop.  This was done by exposing B. anthracis to 
methanesulphonic acid ethyl ester (EMS).  This approach provided no Ply G resistant mutants.  
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 However, by comparison, exposure to EMS resulted in a 1000- fold increase in novobiocin 
resistance and a 10,000-fold increase in streptomycin resistance.  It was also shown that strains 
of B. anthracis that were resistant to lysis by Gamma phage were indeed sensitive to Ply G16. 
 Despite previous studies, there is still much to be learned about this phage.  Very little is 
known about the genome, other than the fact that it is dsDNA.  Its size, number and location of 
ORFs, and sequence remain to be determined.  Also, very little is known about the number and 
function of structural and non-structural proteins.  While the number of proteins present in the 
mature virion has been previously determined, the structure and function of these proteins is not 
known22. 
 Several different phages have been proposed as diagnostic tools1,8,18.  Due to its ability to 
lyse B. anthracis, Gamma phage is suggested as a diagnostic tool for the identification of B. 
anthracis as outlined by the World Health Organization (WHO)19.  The complete identification 
process is outlined in the WHO Guidelines for the Surveillance and Control of Anthrax in 
Humans and Animals19.  While the use of Gamma phage as a sole means of identification and 
detection is not suggested, it is often used as a definitive diagnostic tool due to its ease of use. 
 Another commonly used diagnostic tool for the detection of B. anthracis is sensitivity to 
penicillin19.  Several studies have been conducted regarding the antimicrobial susceptibility of B. 
anthracis 5,6,9,12.  However, none of these studies examined the susceptibility of such a wide 
range of genetically diverse isolates as presented in this thesis.  Penicillin acts on the cell wall of 
B. anthracis and other bacteria by inhibiting the cross-liking of the peptidoglycan amino-acid 
side chains17.  This causes the formation of an unstable cell wall, and eventual lysis of the 
bacterium.  Resistance of B. anthracis to penicillin is likely due to the production of Beta-
lactamases4. 
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 Lysogeny is a process by which a bacteriophage may form a propahge and go “latent” in 
a bacterium10.  Lysogeny studies have been conducted on W and AP50 phage, and lysogeny is 
known to occur with some of the phages3,6,20.  However, no lysogeny studies have been 
conducted on Gamma phage. 
 Cherry phage was obtained from Brooks Air Force Base (San Antonio, Texas).  A 
literature search regarding Cherry phage was performed, but no publications could be found.  It 
is possible that the phage was first isolated at the base, or perhaps it is simply Gamma phage that 
received the name Cherry at some point due to one of Gamma phages original co-discoverers. 
MATERIALS AND METHODS 
Phage Propagation 
The phages were propagated using B. anthracis strain Vollum.  A “lawn” of bacteria was 
prepared on TSA Sheep Blood agar (Remel, Kansas) by swabbing an entire plate. Add 25 µL of 
bacteriophage to the plate.  Spread the virus on the plate using a plate spreader and incubate the 
plate at 37ºC for 24 hours.  Add 5 mL nutrient broth to the plate, and scrape the plate to loosen 
the bacterial growth from the plate.  Remove the nutrient broth and bacterial growth from the 
plate using a pipettor, and add to a 50 mL polyethylene centrifuge tube containing another 5 mL 
of broth.  Incubate the tube at 37ºC for 24 hours.  After incubation, remove the tube from the 
incubator and add 2% by volume of 24:1 cholorform:isoamyl alcohol in a fume hood and shake 
tube for 15 minutes.  This lyses any remaining bacteria in the tube.  Remove the tube from the 
shaker, and filter the liquid through a .22µm filter by vacuum filtration.  Serial dilution and 
plaque counts were used to determine the viral titer produced.  Using this method, each plate 
produces 10mL of bacteriophage with a titer of 106 – 108 pfu/mL.  This procedure was repeated 
and multiplied producing 50 mL of Gamma phage at a titer of 1.04 x 108 pfu/mL and 50mL of 
cherry phage at a titer of 2.080 x 107 pfu/mL.  The phages were diluted out to a  1:10 dilution of 
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 Gamma phage and a 1:2 dilution of cherry phage so that the titers of the phages would be 
approximately the same titer at 1 x 107 pfu/mL. 
Phage DNA Isolation 
The DNA extraction procedure was modified from a Qiagen© λ DNA extraction kit 
(Qiagen, Germany).  The kit was originally used to attempt DNA extraction from both phages.  
The λ kit was chosen because Gamma and cherry phages were thought to have a large genome, 
around 40kb, which is similar in size to that of λ phage which is ~46kb.  However, the Gamma 
and cherry phage DNA failed to bind to the column provided with the kit.  Therefore, the 
procedure that was used was modified from the Qiagen procedure.  To 50 mL of 106 pfu/mL as 
prepared above, add 100 µL of 6 mg/mL DNase I and 20 mg/mL RNase A and incubate the 
mixture at 37ºC for 30 minutes.  This step digests any free cellular DNA and RNA that is 
present.  Add 10 mL of ice-cold 30% polyethylene glycol (PEG 6000) in 3 M NaCl and incubate 
on ice for one hour.  Centrifuge (Beckman Avanti J-25) at 4ºC and 11,000 x g for 10 minutes to 
pellet the phage.  Discard supernatant.  Resuspend the phage pellet in 3 mL of buffer (10 mM 
NaCl; 100 mM Tris-Cl, ph 7.5; 25 mM EDTA).  Add 3 mL of 4% sodium dodecyl sulfate (SDS) 
and incubate at 70ºC for 20 minutes.  Add 3 mL of 3 M potassium acetate was added, and the 
mixture was centrifuged at 4ºC for 30 minutes at 16,000 x g.  Transfer the supernatant to a fresh 
tube, centrifuge again for 10 minutes at 16,000 x g and transfer the supernatant again to a fresh 
tube.  Add 9 mL each 5 M NaCl and 100% isopropyl alcohol and place in a -20ºC freezer 
overnight.  A cloudy precipitate is apparent at this point  Centrifuge the tube at 4ºC for 10 
minutes at 5000 x g, and pour off the supernatant.  Wash the DNA pellet twice by adding 500 µL 
of 90% ethanol and centrifuging for 5 minutes at 3000 x g.  Resuspend the pellet in 100 µL 1X 
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 TE buffer.  Extracted DNA was sent to The Institute for Genomic Research (TIGR) (Rockville, 
Maryland) for sequencing. 
Isolate Testing 
Phage Susceptibility 
The procedure for testing the 89 genotypes is as follows:  To a lawn of the isolate to be 
tested place 5 µL (~5.2 x 104 pfu) of Gamma phage in the upper right quadrant of the plate, and 
place 5 µL of cherry phage in the lower right quadrant of the plate.  Place the penicillin G E-Test 
strip over the left half of the plate ( Figure 1). 
 
Figure 1:  Plate Setup for testing of the 89 genotypes. 
Incubate the plates for 18 hours at 37ºC and read.  Phage susceptibility is determined by 
the presence or absence of a clear zone at the spot of application of phage.  Nine controls were 
run to test for specificity of Gamma and cherry phage to B. anthracis.  All controls were other 
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 members of the Bacillus genus.  Two B. cereus, 4 B. megatarium, 1 B. subtilus, and 2 B. 
thuringensis were used. 
Penicillin Susceptibility 
 The penicillin G MIC of each isolate is determined per the manufacturer’s instructions 
(ellipse of growth.)  Susceptibility to penicillin is defined using the Staphlococcal breakpoint as 
described previously5.  Susceptibility is defined as an MIC of ≤0.12 µg/mL, and resistance is 
defined as an MIC of ≥0.25 µg/mL. 
Electron Microscopy 
100 µL of Gamma and Cherry phage were provided to the Electron Microscopy 
Laboratory at LSU School of Veterinary Medicine.  The phage was negatively stained and 
viewed by Zeiss EM-10C transmission electron microscope. 
RESULTS 
Phage Susceptibility of the Set of 89 Genotypes 
Table 1 gives a summary of results for the 89 genotypes.  Complete results are presented 
in Appendix A. 
Table 1:  Summary of Susceptible and Resistant Genotypes 
Gamma phage 
            Susceptible (S)                         Resistant (R)                                 Total (T) 
71 
(80%) 
1 72 
1 16 
(18%) 
17 
72 17 89 
 
Of the 89 genotypes, 18 (20%) showed resistance to either Gamma or Cherry phage.  16 of 
these were resistant to both, while one genotype (GT 34) was resistant to Gamma phage only and 
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 one (GT 61) was resistant to Cherry phage only.  All control isolates (B. cereus, B. megatarium, 
B. subtilus, and B. thuringensis) were resistant to both phages. 
Penicillin Susceptibility of the Set of 89 Genotypes 
Penicillin susceptibility is another diagnostic tool used for the detection of B. anthracis.19  
Susceptibility to penicillin was determined to compare two separate methods of B. anthracis 
detection.  Table 2 gives a summary of the penicillin resistance.  MIC is given as µg/mL. 
 
Table 2:  Summary of penicillin resistance for the 89 genotypes.  MIC is given as µg/mL.  
Resistance is as follows:  A susceptible to both phages, B Resistant to both phages, C resistant to 
Gamma phage only, D resistant to Cherry phage only, T is total. 
 
MIC 
          ≤0.19                     ≥0.25 <1                      1                            1.5                            ≥2 
40 20 5 1 4 
13 1 2 0 1 
1 0 0 0 0 
1 0 0 0 0 
55 21 7 1 5 R
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21 of 89 (23.6%) genotypes were resistant (MIC ≥0.25) to penicillin.  4 of 89 (4.5%) genotypes 
were resistant to penicillin and phage.  Neither of the differentially resistant genotypes was 
resistant to penicillin.  There was no significant difference between the mean MIC of the 
resistant and susceptible isolates. 
Isolate Origin 
The origin of the phage resistant isolates was examined to determine any association 
between isolate origin and resistance to bacteriophage.  This is summarized in Table 3 and 
Figure 2. 
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 Table 3:  Origin of resistant genotypes. 
Country of Origin Genotypes Number of Resistant 
Isolates
China 14, 57, 59 3
Germany 60, 61 2
Indonesia 31, 63 2
Namibia 39, 56 2
Pakistan 29, 74 2
Turkey 11, 33 2
South Korea 34 1
Switzerland 75 1
United Kingdom 22 1
United States  25 1
Zimbabwe 32 1
 
Figure 2:  Worldwide distribution of resistant genotype origin. 
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 The resistant genotypes show a worldwide distribution, but no association between origin and 
resistance. 
Comparison of Phages 
The morphology and number of isolates resistant of Gamma and Cherry phage were 
examined to determine if there were differences between the viruses.  Transmission electron 
micrographs of Gamma phage (Fig 3a) and cherry phage (Fig 3b) showed similar morphology— 
an icosahedral head with a long tail.  Table 4 gives the differentially resistant genotypes. 
 
Figure 3a:  EM of Gamma phage                                          Figure 3b: EM of Cherry phage 
      
Table 4:  Differentially resistant genotypes. 
      
         Genotype               Gamma phage              Cherry phage         Country of Origin                                     
61 S R Germany
34 R S South Korea
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 Only 2 of 89 (2.2%) genotypes were differentially resistant to Gamma and Cherry phage.  This 
almost negligible difference in the number of resistant isolates seems to indicate very little 
difference between the two phages.  However, it is not conclusive. 
DISCUSSION 
Resistance to bacteriophage is probably to be receptor mediated.  Resistant genotypes 
probably have a mutation in one or both of the two molecules that make up the receptor for the 
phage.  18 of 89 (20%) genotypes were found to be resistant to bacteriophage.  This is a high rate 
of resistance for use as a definitive diagnostic tool.  Diagnostic labs commonly discard isolates 
that are found to be resistant to bacteriophage, believing that resistant isolates are not B. 
anthracis.  The fact that resistant isolates are commonly discarded leads one to believe that 
perhaps the population is biased in that many isolates which are indeed B. anthracis were 
discarded due to the fact that they were resistant to bacteriophage.  If this is so, then the rate of 
resistance reported here is lower than the true rate of resistance to bacteriophage.  Whether this is 
the case or not, the resistance rate is at least 20%, which is a significant number due to the fact 
that no resistance has previously been reported.  This high rate of resistance precludes the use of 
bacteriophage as a sole diagnostic tool, and its use should be restricted to use in conjunction with 
more reliable diagnostic tests, such as PCR. 
Upon examination, there was no association found between penicillin resistance and 
bacteriophage resistance.  21 of 89 (23.6%) genotypes were resistant (MIC ≥0.25) to penicillin.  
4 of 89 (4.5%) genotypes were resistant to penicillin and phage.  There was no significant 
difference observed in the mean MIC of resistant vs. susceptible isolates. 
There was no association between the origin of a genotype and its resistance to 
bacteriophage.  The resistant isolates showed a worldwide distribution, but no association 
between origin and resistance was seen. 
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 This study did not give definitive evidence as to whether or not Gamma and Cherry 
phage are the same virus or not.  The electron micrographs showed no gross differences between 
the viruses, however there was a very slight difference in the resistance rates of B. anthracis to 
the two phages.  It is possible that the two phages are actually slightly different strains of the 
same virus.  The sequencing data may clarify this situation.   
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 CHAPTER 3 
SET RESULTS 
INTRODUCTION 
 The results for the entire set of isolates tested are reported in this chapter.  Unlike the 89 
genotypes presented in the previous chapter, the results presented in this chapter do not reflect a 
genetically diverse population.  Due to the isolate collection procedure, many isolates from a 
single outbreak may be collected.  This results in many isolates that are presumed to be identical 
because they came from the same outbreak. 
MATERIALS AND METHODS 
 The materials and methods used to generate the data reported in this chapter are the same 
as those used in the previous chapter with one exception.  The entire set of isolates was not 
screened for susceptibility to penicillin G.  All other methods were performed exactly as 
described above. 
PHAGE RESISTANCE 
Table 5 gives a summary of results for the entire of the set of tested isolates.  Complete 
results for the entire set of isolates is given in Appendix B. 
Table 5:  Summary of resistance results for the entire set.  S is sensitive, R is resistant, T is total. 
Gamma Phage 
            Sensitive (S)                              Resistant (R)                            Total (T) 
908 
(90.4%) 
6 
(0.6%) 
914 
2 
(0.2%) 
88 
(8.8%) 
90 
910 94 1004 C
he
rr
y 
Ph
ag
e 
   
T
   
   
   
R
   
   
   
  S
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 96 of 1004 (9.6%) of isolates were resistant to at least one phage.  6 of 1004 (0.6%) were 
resistant to Gamma phage only and 2 of 1004 (0.2%) were resistant to Cherry phage only. 
ISOLATE ORIGIN 
The origin of the resistant isolates was examined.  The data for the entire set of tested 
isolates is presented in Table 6.  The worldwide distribution of the resistant isolates is 
represented in Figure 4. 
Table 6:  Origin of resistant isolates for the entire set of tested isolates. 
 
Country of Origin       Total Isolates     Genotypes      Number of Resistant Isolates 
China 209 14, 57, 59 16
United Kingdom 42 22 8
Canada 139 7
Italy 67 7
Australia 41 6
United States  169 25 5
Argentina 31 4
Namibia 25 39, 56 4
Zimbabwe 13 32 4
Albania 7 3
Indonesia 6 31, 63 3
Pakistan 7 29, 74 3
Turkey 49 11, 33 3
Germany 16 60, 61 2
Poland 11 2
South Africa 70 2
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Table Con’d
 Tanzania 21 2
Zambia 24 2
Croatia 2 1
France 38 1
Hungary 8 1
Iraq 1 1
Mozambique 7 1
Nepal 5 1
Portugal 1 1
Republic of Congo 1 1
Saudi Arabia 1 1
Spain 14 1
South Korea 4 34 1
Switzerland 2 75 1
Thailand 6 1
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Figure  4:  Worldwide distribution of the entire set resistant isolates. 
The distribution of the resistant isolates is worldwide, as is the genotype distribution.  
There is no association between resistance and isolate origin.  Next the regionality of the 
isolates was examined to determine if certain regions contained a higher percentage of 
resistant isolates.  This data is presented in table 7. 
Table 7:  Regional resistance to Gamma and Cherry bacteriophage. 
       Country of Origin                       Isolates Tested                        Resistant to Phage       
Africa 165 16
(9.7%)
Asia 301 30
(9.9%)
Australia 41 6
(14.6%)
Europe 217 28
(12.9%)
North America 308 12
(3.9%)
South America 38 4
(10.5%)
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 For the most part, the regional resistance rates are comparable to the worldwide 
resistance rates.  However there is one notable exception in North America.  The resistance 
rate in North America is less than half that of the rest of the world, suggesting that North 
American isolates are less likely to be resistant to bacteriophage than isolates from the rest of 
the world.  The North American resistance rate (3.9%)is significantly different than that of 
the entire world (9.4%) by binomial comparison with p<.01.  No other regional resistance 
rates were significantly different from that of the entire world. 
DISCUSSION 
96 of 1004 (9.6%) of isolates were resistant to at least one phage.  6 of 1004 (0.6%) 
were resistant to Gamma phage only and 2 of 1004 (0.2%) were resistant to Cherry phage 
only.  This is approximately half the resistance rate found among the genotypes.  One theory 
as to the reason that there is a higher percentage of resistant isolates in the genotype group is 
the method of isolate collection.  The 89 genotypes represent a genetically diverse 
population, with one representative from each genetic group.  The full test set is not 
genetically diverse.  This is due to the manner in which isolates are collected.  The full set 
can contain many isolates from the same outbreak.  This means that all of these isolates are 
presumably the identical.   
 
 
 
 
 
 
 
 21
 CHAPTER 4 
CONCLUSIONS AND FURTHER STUDY 
 
Many conclusions can be drawn from the information gathered in this study.  First, 
the resistance rate of B. anthracis to bacteriophage is 10-20%.  We propose that this is too 
high a rate of resistance to be too high for use as a sole diagnostic method.  Second, there is 
no association between the two common diagnostic tools studied here: susceptibility to 
penicillin and susceptibility to bacteriophage.  Third, there is no association between 
resistance to bacteriophage and isolate origin.  However, no definitive conclusion can be 
drawn as to whether or not Gamma and Cherry phage are the same virus. 
Areas of further study include further elucidation of the bacteriophage resistance 
mechanism employed by B. anthracis.  Resistance may be due to mutations in the cell wall 
receptor that the phage uses to gain entry into the bacteria, however there is no data to 
support this.  Also, further study on the differences and similarities between the two phages 
should be conducted.  The sequencing data, which is currently being analyzed, may give 
further information as to whether the phages are indeed different, different strains of the 
same virus, or simply the same virus.  There are many possibilities regarding whether or not 
Gamma and Cherry phage are different viruses.  The origin of Cherry virus remains 
somewhat of a mystery.  If the viruses are found to be the same virus, it is possible that 
Gamma phage became Cherry phage at some point due to the name of it’s co-discoverer. 
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 APPENDIX A 
GENOTYPE RESULTS 
Complete Results for 89 genotypes.  S= susceptible, R=resistant.  Penicillin G is reported 
in µg/mL. 
 
Genotype  Results 
 Gamma phage Cherry phage Penicllin G
1 S S 0.125
2 S S 3
3 S S 1
4 S S 1
5 S S 0.5
6 S S 0.023
7 S S 0.064
8 S S 1.5
9 S S 2
10 S S 0.19
11 R R 0.008
12 S S 1
13 S S 0.75
14 R R 1
15 S S 0.025
16 S S 0.38
17 S S 0.19
18 S S 0.5
19 S S 0.016
20 S S 0.75
21 S S 1
22 R R 0.125
23 S S 0.25
24 S S 0.38
25 R R 0.094
26 S S 0.38
27 S S 0.5
28 S S 1
29 R R 0.19
30 S S 0.032
31 R R 0.125
32 R R 0.19
33 R R 0.094
34 R S 0.19
35 S S 0.094
36 S S 0.125
37 S S 0.047
38 S S 0.032
39 R R 0.25
40 S S 0.5
41 S S 0.25
42 S S 2
 25
 43 S S 0.016
44 S S 2
45 S S 0.064
46 S S 0.023
47 S S 0.19
48 S S 0.016
49 S S 0.016
50 S S 0.25
51 S S 0.023
52 S S 0.25
53 S S 0.047
54 S S 0.25
55 S S 0.094
56 R R 0.094
57 R R 0.19
58 S S 0.125
59 R R 0.125
60 R R 0.094
61 S R 0.125
62 S S 0.125
63 R R 0.032
64 S S 0.094
65 S S 0.19
66 S S 0.38
67 S S 0.5
68 S S 0.016
69 S S 0.023
70 S S 0.25
71 S S 0.25
72 S S 0.064
73 S S 0.094
74 R R 1
75 R R 2
76 S S 0.19
77 S S 0.125
78 S S 0.25
79 S S 0.023
80 S S 0.125
81 S S 0.064
82 S S 0.023
83 S S 0.016
84 S S 0.5
85 S S 0.25
86 S S 0.016
87 S S 0.023
88 S S 0.38
89 S S 0.5
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 APPENDIX B 
 
ENTIRE SET RESULTS 
 
Complete Results for the entire set of tested isolates.  S=susceptible, R=resistant, NA=not 
available for testing, GT=genotype (given in appendix A.) 
 
 
Isolate 
Number 
Results 
 Gamma
Phage 
Cherry 
Phage 
1 GT GT 
2 S S 
3 NA NA 
4 NA NA 
5 NA NA 
6 S S 
7 NA NA 
8 S S 
9 S S 
10 S S 
11 S S 
12 S S 
13 S S 
14 S S 
15 S S 
16 NA NA 
17 S S 
18 S S 
19 S S 
20 S S 
21 S S 
22 S S 
23 S S 
24 S S 
25 S S 
26 GT GT 
27 S S 
28 S S 
29 S S 
30 R R 
31 S S 
32 GT GT 
33 GT GT 
34 GT GT 
35 GT GT 
36 S S 
37 R S 
38 GT GT 
39 GT GT 
40 R S 
41 R S 
42 S S 
Isolate 
Number
Gamma
Phage
Cherry 
Phage  
43 R R 
44 NA NA 
45 S S 
46 S S 
47 S S 
48 GT GT 
49 GT GT 
50 R R 
51 S S 
52 NA NA 
53 NA NA 
54 NA NA 
55 S S 
56 S S 
57 S S 
58 S S 
59 S S 
60 S S 
61 NA NA 
62 GT GT 
63 S S 
64 S S 
65 S S 
66 NA NA 
67 S S 
68 R R 
69 R R 
70 NA NA 
71 S S 
72 S S 
73 S S 
74 S S 
75 S S 
76 S S 
77 S S 
78 S S 
79 NA NA 
80 S S 
81 S S 
82 S S 
83 S S 
84 S S 
85 S S 
86 S S 
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 Isolate 
Number 
Gamma 
Phage 
Cherry 
Phage  
87 S S 
88 S S 
89 S S 
90 S S 
91 S S 
92 S S 
93 S S 
94 S S 
95 S S 
96 S S 
97 S S 
98 S S 
99 NA NA 
100 NA NA 
101 NA NA 
102 GT GT 
103 S S 
104 GT GT 
105 S S 
106 S S 
107 NA NA 
108 NA NA 
109 R R 
110 NA NA 
111 S S 
112 S S 
113 S S 
114 S S 
115 S S 
116 S S 
117 S S 
118 S S 
119 S S 
120 S S 
121 S S 
122 S S 
123 S S 
124 S S 
125 S S 
126 S S 
127 S S 
128 S S 
129 S S 
130 S S 
131 NA NA 
132 S S 
133 NA NA 
134 S S 
135 S S 
136 S S 
137 NA NA 
138 S S 
139 S S 
Isolate 
Number
Gamma 
Phage
Cherry 
Phage  
140 S S 
141 R R 
142 S S 
143 S S 
144 S S 
145 NA NA 
146 S S 
147 S S 
148 GT GT 
149 GT GT 
150 S S 
151 S S 
152 GT GT 
153 S S 
154 S S 
155 NA NA 
156 S S 
157 S S 
158 GT GT 
159 S S 
160 S S 
161 S S 
162 S S 
163 S S 
164 S S 
165 S S 
166 R R 
167 S S 
168 GT GT 
169 S S 
170 S S 
171 S S 
172 GT GT 
173 S S 
174 GT G 
175 S S 
176 S S 
177 S S 
178 S S 
179 S S 
180 R R 
181 S S 
182 S S 
183 NA NA 
184 S S 
185 S S 
186 GT GT 
187 S S 
188 GT GT 
189 S S 
190 NA NA 
191 NA NA 
192 S S 
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 Isolate 
Number 
Gamma
Phage 
Cherry 
Phage  
193 GT GT 
194 S S 
195 S S 
196 GT GT 
197 S S 
198 S S 
199 S S 
200 S S 
201 S S 
202 S S 
203 S S 
204 S S 
205 S S 
206 R R 
207 S S 
208 S S 
209 S S 
210 S S 
211 R R 
212 S S 
213 R R 
214 NA NA 
215 NA NA 
216 NA NA 
217 S S 
218 S S 
219 S S 
220 GT GT 
221 S S 
222 R S 
223 R R 
224 S S 
225 S S 
226 S S 
227 R S 
228 NA NA 
229 NA NA 
230 GT GT 
231 NA NA 
232 S S 
233 NA NA 
234 NA NA 
235 GT GT 
236 NA NA 
237 S S 
238 NA NA 
239 S S 
240 GT GT 
241 GT GT 
242 S S 
243 S S 
244 GT GT 
245 S S 
Isolate 
Origin
Gamma
Phage
Cherry 
Phage  
246 R R 
247 GT GT 
248 S S 
249 NA NA 
250 S S 
251 S S 
252 NA NA 
253 S S 
254 NA NA 
255 GT GT 
256 NA NA 
257 NA NA 
258 S S 
259 S S 
260 S S 
261 S S 
262 R R 
263 GT GT 
264 NA NA 
265 R R 
266 S S 
267 S S 
268 S S 
269 S S 
270 S S 
271 R R 
272 S S 
273 GT GT 
274 S S 
275 S S 
276 S S 
277 S S 
278 NA NA 
279 GT GT 
280 S S 
281 NA NA 
282 S S 
283 NA NA 
284 S S 
285 GT GT 
286 S S 
287 S S 
288 S S 
289 S S 
290 S S 
291 S S 
292 GT GT 
293 S S 
294 S S 
295 S S 
296 S S 
297 S S 
298 NA NA 
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 Isolate 
Origin 
Gamma
Phage 
Cherry 
Phage  
299 GT GT 
300 S S 
301 S S 
302 S S 
303 S S 
304 S S 
305 S S 
306 S S 
307 GT GT 
308 S S 
309 S S 
310 S S 
311 S S 
312 S S 
313 NA NA 
314 S S 
315 S S 
316 R R 
317 S S 
318 NA NA 
319 NA NA 
320 NA NA 
321 NA NA 
322 S S 
323 GT GT 
324 S S 
325 S S 
326 S S 
327 GT GT 
328 S S 
329 GT GT 
330 GT GT 
331 S S 
332 S S 
333 S S 
334 S S 
335 GT GT 
336 GT GT 
337 S S 
338 S S 
339 S S 
340 GT GT 
341 NA NA 
342 GT GT 
343 GT GT 
344 NA NA 
345 NA NA 
346 S S 
347 S S 
348 S S 
349 NA NA 
350 NA NA 
351 GT GT 
Isolate 
Origin
Gamma 
Phage
Cherry 
Phage  
352 GT GT 
353 GT GT 
354 S S 
355 S S 
356 S S 
357 NA NA 
358 GT GT 
359 NA NA 
360 GT GT 
361 GT GT 
362 GT GT 
363 S S 
364 GT GT 
365 S S 
366 S S 
367 NA NA 
368 GT GT 
369 S S 
370 GT GT 
371 S S 
372 S S 
373 GT GT 
374 S S 
375 GT GT 
376 S S 
377 S S 
378 GT GT 
379 GT GT 
380 NA NA 
381 GT GT 
382 S S 
383 S S 
384 S S 
385 S S 
386 S S 
387 GT GT 
388 GT GT 
389 NA NA 
390 NA NA 
391 GT GT 
392 S S 
393 S S 
394 S S 
395 S S 
396 S S 
397 S S 
398 S S 
399 S S 
400 R R 
401 GT GT 
402 S S 
403 GT GT 
404 S S 
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 Isolate 
Origin 
Gamma 
Phage 
Cherry 
Phage  
405 GT GT 
406 S S 
407 S S 
408 S S 
409 S S 
410 NA NA 
411 GT GT 
412 GT GT 
413 S S 
414 GT GT 
415 NA NA 
416 GT GT 
417 S S 
418 GT GT 
419 S S 
420 S S 
421 S S 
422 NA NA 
423 NA NA 
424 NA NA 
425 S S 
426 S S 
427 S S 
428 S S 
429 S S 
430 S S 
431 S S 
432 S S 
433 S S 
434 GT GT 
435 NA NA 
436 NA NA 
437 S S 
438 S S 
439 S S 
440 S S 
441 GT GT 
442 NA NA 
443 S S 
444 S S 
445 GT GT 
446 NA NA 
447 NA NA 
448 NA NA 
449 NA NA 
450 GT GT 
451 S S 
452 S S 
453 S S 
454 S S 
455 S S 
456 S S 
457 S S 
Isolate 
Origin
Gamma 
Phage
Cherry 
Phage  
458 S S 
459 GT GT 
460 GT GT 
461 GT GT 
462 GT GT 
463 GT GT 
464 GT GT 
465 S S 
466 S S 
467 GT GT 
468 S S 
469 S S 
470 S S 
471 NA NA 
472 S S 
473 S S 
474 S S 
475 S S 
476 S R 
477 S S 
478 S S 
479 S S 
480 S S 
481 NA NA 
482 NA NA 
483 NA NA 
484 S S 
485 S S 
486 R R 
487 GT GT 
488 GT GT 
489 S S 
490 S S 
491 NA NA 
492 R R 
493 S S 
494 S S 
495 S S 
496 R R 
497 R R 
498 S S 
499 S S 
500 R R 
501 S S 
502 S S 
503 S S 
504 S S 
505 S S 
506 NA NA 
507 S S 
508 R R 
509 R R 
510 S S 
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 Isolate 
Origin 
Gamma
Phage 
Cherry 
Phage  
511 S S 
512 S S 
513 NA NA 
514 S S 
515 R R 
516 S S 
517 S S 
518 S S 
519 S S 
520 S S 
521 S S 
522 S S 
523 S S 
524 S S 
525 S S 
526 S S 
527 S S 
528 S S 
529 S S 
530 S S 
531 S S 
532 NA NA 
533 S S 
534 S S 
535 S S 
536 S S 
537 S S 
538 S S 
539 R R 
540 S S 
541 S S 
542 S S 
543 S S 
544 S S 
545 S S 
546 S S 
547 S S 
548 S S 
549 S S 
550 S S 
551 S S 
552 S S 
553 S S 
554 S S 
555 S S 
556 S S 
557 S S 
558 R R 
559 S S 
560 S S 
561 R R 
562 S S 
563 S S 
Isolate 
Origin
Gamma
Phage
Cherry 
Phage  
564 S S 
565 S S 
566 S S 
567 S S 
568 S S 
569 S S 
570 S S 
571 S S 
572 S S 
573 S S 
574 S S 
575 S S 
576 S S 
577 S S 
578 S S 
579 S S 
580 S S 
581 S S 
582 S S 
583 S S 
584 S S 
585 R R 
586 R R 
587 S S 
588 S S 
589 S S 
590 R R 
591 S S 
592 GT GT 
593 S S 
594 S S 
595 S S 
596 S S 
597 S S 
598 S S 
599 S S 
600 S S 
601 S S 
602 S S 
603 S S 
604 S S 
605 S S 
606 S S 
607 R R 
608 S S 
609 S S 
610 S S 
611 S S 
612 S S 
613 S S 
614 S S 
615 S S 
616 S S 
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 Isolate 
Origin 
Gamma 
Phage 
Cherry 
Phage  
617 S S 
618 NA NA 
619 S S 
620 S S 
621 R R 
622 S S 
623 S S 
624 S S 
625 S S 
626 S S 
627 S S 
628 S S 
629 S S 
630 S S 
631 S S 
632 S S 
633 S S 
634 S S 
635 S S 
636 S S 
637 S S 
638 S S 
639 S S 
640 NA NA 
641 S S 
642 S S 
643 S S 
644 S S 
645 S S 
646 S S 
647 S S 
648 S S 
649 S S 
650 R R 
651 S S 
652 S S 
653 S S 
654 S S 
655 S S 
656 S S 
657 S S 
658 S S 
659 S S 
660 S S 
661 S S 
662 S S 
663 S S 
664 S S 
665 S S 
666 S S 
667 S S 
668 S S 
669 S S 
Isolate 
Origin
Gamma
Phage
Cherry 
Phage  
670 R R 
671 S S 
672 S S 
673 S S 
674 S S 
675 S S 
676 S S 
677 S S 
678 S S 
679 S S 
680 S S 
681 S S 
682 S S 
683 S S 
684 S S 
685 S S 
686 S S 
687 S S 
688 S S 
689 S S 
690 S S 
691 S S 
692 S S 
693 S S 
694 S S 
695 S S 
696 S S 
697 S S 
698 S S 
699 S S 
700 S S 
701 S S 
702 S S 
703 S S 
704 S S 
705 S S 
706 S S 
707 S S 
708 S S 
709 S S 
710 S S 
711 S S 
712 S S 
713 S S 
714 S S 
715 S S 
716 S S 
717 S S 
718 S S 
719 S S 
720 S S 
721 R R 
722 S S 
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 Isolate 
Origin 
Gamma
Phage 
Cherry 
Phage  
723 S S 
724 S S 
725 S S 
726 S S 
727 S S 
728 S S 
729 S S 
730 S S 
731 S S 
732 S S 
733 R R 
734 R R 
735 S S 
736 NA NA 
737 NA NA 
738 NA NA 
739 NA NA 
740 NA NA 
741 NA NA 
742 NA NA 
743 NA NA 
744 NA NA 
745 NA NA 
746 NA NA 
747 NA NA 
748 NA NA 
749 NA NA 
750 NA NA 
751 NA NA 
752 NA NA 
753 NA NA 
754 NA NA 
755 NA NA 
756 NA NA 
757 NA NA 
758 NA NA 
759 NA NA 
760 NA NA 
761 NA NA 
762 NA NA 
763 NA NA 
764 NA NA 
765 NA NA 
766 S S 
767 S S 
768 S S 
769 S S 
770 S S 
771 S S 
772 S S 
773 S S 
774 S S 
775 S S 
Isolate 
Origin
Gamma 
Phage
Cherry 
Phage  
776 R R 
777 S S 
778 S S 
779 S S 
780 R R 
781 S S 
782 S S 
783 S S 
784 S S 
785 S S 
786 S S 
787 S S 
788 S S 
789 NA NA 
790 S S 
791 S S 
792 S S 
793 S S 
794 S S 
795 S S 
796 S S 
797 S S 
798 R R 
799 S S 
800 S S 
801 S S 
802 S S 
803 NA NA 
804 S S 
805 S S 
806 S S 
807 S S 
808 S S 
809 S S 
810 S S 
811 NA NA 
812 NA NA 
813 S S 
814 S S 
815 S S 
816 S S 
817 S S 
818 S S 
819 S S 
820 S S 
821 S S 
822 S S 
823 S S 
824 S S 
825 S S 
826 S S 
827 S S 
828 S S 
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 Isolate 
Origin 
Gamma
Phage 
Cherry 
Phage  
829 S S 
830 S S 
831 S S 
832 S S 
833 S S 
834 S S 
835 S S 
836 S S 
837 S S 
838 R R 
839 S S 
840 S S 
841 NA NA 
842 NA NA 
843 R R 
844 S S 
845 S S 
846 NA NA 
847 NA NA 
848 S S 
849 R R 
850 S S 
851 S S 
852 S S 
853 S S 
854 S S 
855 NA NA 
856 S S 
857 S S 
858 S S 
859 S S 
860 S S 
861 S S 
862 S S 
863 S S 
864 NA NA 
865 S S 
866 R R 
867 S S 
868 NA NA 
869 S S 
870 NA NA 
871 S S 
872 NA NA 
873 S S 
874 S S 
875 S S 
876 S S 
877 S S 
878 NA NA 
879 NA NA 
880 S S 
881 R R 
Isolate 
Origin
Gamma
Phage
Cherry 
Phage  
882 R R 
883 NA NA 
884 NA NA 
885 S S 
886 NA NA 
887 NA NA 
888 S S 
889 S S 
890 NA NA 
891 S S 
892 S S 
893 S S 
894 R R 
895 NA NA 
896 S S 
897 R R 
898 S S 
899 S S 
900 S S 
901 S S 
902 S S 
903 S S 
904 S S 
905 S S 
906 R R 
907 NA NA 
908 NA NA 
909 NA NA 
910 NA NA 
911 NA NA 
912 S S 
913 NA NA 
914 S S 
915 S S 
916 S S 
917 S S 
918 S S 
919 S S 
920 R R 
921 NA NA 
922 NA NA 
923 NA NA 
924 S S 
925 NA NA 
926 R R 
927 NA NA 
928 NA NA 
929 R R 
930 S S 
931 S S 
932 S S 
933 S S 
934 S S 
 35
 Isolate 
Origin 
Gamma 
Phage 
Cherry 
Phage  
935 R R 
936 S S 
937 NA NA 
938 NA NA 
939 NA NA 
940 NA NA 
941 NA NA 
942 S S 
943 S S 
944 NA NA 
945 NA NA 
946 R R 
947 S S 
948 S S 
949 S S 
950 S S 
951 S S 
952 S S 
953 S S 
954 S S 
955 S S 
956 S S 
957 S S 
958 S S 
959 S S 
960 S S 
961 S S 
962 S S 
963 S S 
964 S S 
965 S S 
966 S S 
967 S S 
968 S S 
969 S S 
970 S S 
971 S S 
972 S S 
973 S S 
974 S S 
975 S S 
976 S S 
977 S S 
978 S S 
979 S S 
980 S S 
981 S S 
982 S S 
983 S S 
984 S S 
985 S S 
986 S S 
987 S S 
Isolate 
Origin
Gamma 
Phage
Cherry 
Phage  
988 R R 
989 R R 
990 S S 
991 S S 
992 S S 
993 S S 
994 S S 
995 S S 
996 S S 
997 S S 
998 S S 
999 S S 
1000 S S 
1001 S S 
1002 S S 
1003 S S 
1004 S S 
1005 S S 
1006 S S 
1007 S S 
1008 S S 
1009 S S 
1010 S S 
1011 S S 
1012 S S 
1013 S S 
1014 S S 
1015 S S 
1016 S S 
1017 S S 
1018 S S 
1019 S S 
1020 S S 
1021 S S 
1022 S S 
1023 S S 
1024 S S 
1025 S S 
1026 S S 
1027 S S 
1028 S S 
1029 S S 
1030 S S 
1031 S S 
1032 S S 
1033 R R 
1034 S S 
1035 S S 
1036 R R 
1037 R R 
1038 S S 
1039 S S 
1040 S S 
 36
 Isolate 
Origin 
Gamma
Phage 
Cherry 
Phage  
1041 S S 
1042 S S 
1043 S S 
1044 S S 
1045 S S 
1046 S S 
1047 S S 
1048 R R 
1049 S S 
1050 S S 
1051 R R 
1052 S S 
1053 S S 
1054 S S 
1055 S S 
1056 S S 
1057 R R 
1058 S S 
1059 S S 
1060 S S 
1061 S S 
1062 S S 
1063 S S 
1064 S S 
1065 S S 
1066 S S 
1067 S S 
1068 S S 
1069 S S 
1070 S S 
1071 S S 
1072 S S 
1073 S S 
1074 S S 
1075 S S 
1076 R R 
1077 S S 
1078 R R 
1079 S S 
1080 S S 
1081 S S 
1082 S S 
1083 S S 
1084 S S 
1085 S S 
1086 R R 
1087 S S 
1088 R R 
1089 S S 
1090 S S 
1091 S S 
1092 S S 
1093 S S 
Isolate 
Origin
Gamma
Phage
Cherry 
Phage  
1094 S S 
1095 S S 
1096 S S 
1097 S S 
1098 S S 
1099 R R 
1100 S S 
1101 R R 
1102 S S 
1103 S S 
1104 S S 
1105 S S 
1106 S S 
1107 S S 
1108 S S 
1109 S S 
1110 S S 
1111 S S 
1112 S S 
1113 S S 
1114 S S 
1115 S S 
1116 S S 
1117 S S 
1118 S S 
1119 S S 
1120 S S 
1121 S S 
1122 S S 
1123 S S 
1124 S S 
1125 R R 
1126 S S 
1127 S S 
1128 S S 
1129 S S 
1130 S S 
1131 S S 
1132 S S 
1133 S S 
1134 S S 
1135 S S 
1136 S S 
1137 S S 
1138 S S 
1139 S S 
1140 S S 
1141 S S 
1142 S S 
1143 S S 
1144 S S 
1145 S S 
1146 S S 
 37
 Isolate 
Origin 
Gamma
Phage 
Cherry 
Phage  
1147 S S 
1148 S S 
1149 S S 
1150 S S 
1151 S S 
1152 S S 
1153 S S 
1154 S S 
1155 S S 
1156 S S 
1157 S S 
1158 S S 
1159 S S 
1160 S S 
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